Background-Allogeneic stem cell transplantation is the most effective treatment option for many hematological malignancies, but graft-versus-host-disease (GvHD) remains a major cause of treatment failure. Besides well established risk factors for the outcome of transplantation, recent single-center studies have identified a birth order effect in HLA-identical sibling stem cell transplantation with lower incidence of acute and chronic extensive graft-versus-host disease (aGvHD/cGvHD) and improved overall survival when a donor is younger than the recipient. One hypothesized mechanism is microchimerism due to fetomaternal and transmaternal sibling cell trafficking during pregnancy as the donor is exposed to recipient antigens in utero.
Introduction
Allogeneic stem cell transplantation (SCT) is a curative treatment option for many hematological malignancies. However, relapse and graft-versus-host-disease (GvHD) remain the most important causes of treatment failure. 1 Since HLA-disparity between donor and recipient is the most critical factor that governs incidence and severity of GvHD, donor search focuses on HLA-identical siblings first. 2 Besides well established risk factors for the outcome of transplantation, the impact of birth order in HLA-identical sibling transplantation has been described in recent retrospective analyses. 3, 4 The mechanism for birth order effects may include microchimerism by fetomaternal cell trafficking during pregnancy which leads to the exposure to non-self antigens in mother and child. [5] [6] [7] This early perinatal exposure and resultant microchimerism in the mother or siblings may result in B and T cell sensitization and the induction of T regulatory cells, which could affect the activation of donor lymphocytes following later antigen (re-)exposure after stem cell transplantation. 8, 9 In the context of pregnancy and stem cell transplantation immunology, an increased GvHD risk after transplantation from parous female donors compared to nulliparous donors has been observed in HLA-identical transplantation. [10] [11] [12] [13] [14] In the haploidentical setting, maternal grafts are superior in terms of disease-free survival, relapse incidence, and mortality, perhaps because of prior exposure of the maternal donor and her children. 15, 16 To further evaluate the impact of patients' and donors' birth order on outcome of sibling transplantation, we performed a retrospective analysis using the database of the Center for International Blood and Marrow Transplantation (CIBMTR).
Materials and Methods
The aim of this study was to validate single-center data in a multicenter cohort provided by the CIBMTR. This multicenter analysis included patients receiving an HLA-identical sibling transplantation reported to the CIBMTR database between 1990 and 2007. Only HLAidentical sibling transplants were included as birth order effects would not be expected with unrelated donors.
Adult and pediatric patients with the diagnosis of acute leukemia, myelodysplastic syndrome, or chronic myeloid leukemia undergoing first allogeneic transplant were included. Patients with non-malignant disorders were excluded because of our interest in examining any effects on relapse. Cord blood recipients, patients less than 2 years of age as there were only a few patients in this cohort, and pairs in which the age difference was reported as greater than 15 years or as less than one year apart were excluded to improve the homogeneity of the cohort. Disease stage was categorized according to CIBMTR conventions; i. e. early (acute leukemia in first complete remission, refractory anemia, refractory anemia with ringed sideroblasts, or chronic myeloid leukemia in first chronic phase) or late (relapsed or refractory disease). All other disease types and stages were classified as intermediate. Patients were assigned to either the recipient older than donor group (R>D) or donor older than patient group (D>R).
Outcome was analysed in terms of overall survival (OS), relapse rate and mortality, disease free survival (DFS), treatment related mortality (TRM), and acute and chronic graft-versushost disease (aGvHD/cGvHD).
Statistical analyses were performed with SAS comparing differences between the groups using Chi-square tests, t-tests or non-parametric testing as appropriate. Probabilities of survival and DFS were calculated using the Kaplan-Meier estimate; the log-rank test was used for univariate comparisons. Risk factors for outcomes were evaluated in multivariate analyses, using Cox proportional hazard models. All models included the main effect of interest (R>D vs. D>R), as well as other covariates with statistical significance level of less than p=0.05. Potential covariates included patient and donor sex match, CMV status, race, pre-transplant performance status, disease and stage, time from diagnosis to transplant, conditioning intensity, graft type, GvHD prophylaxis, anti-thymocyte globulin (ATG), and transplant year. Patient and donor age were tested in separate models because of their correlation with birth order.
Results
In this retrospective analysis, a total of 11,365 patients transplanted from HLA-identical siblings (5870 R>D and 5495 D>R) were included. Patient characteristics are shown in Table 1 . The median age of patients at SCT was 35 years (range 2-75y.) in the R>D group compared to 31 years (range 2-72y.; p< 0,0001) for the D>R group. Acute myeloid leukemia was the most common SCT indication, 38% in the R>D group and 38% in D>R group. Stem cell source was mainly bone marrow (72% and 73%). Most patients had early stage disease at time of transplantation (80% in R>D group and 81% in D>R group, p= 0.14). Conditioning regimen was myeloablative in more than 90% in each group. In both groups most patients received a calcineurin inhibitor-based GvHD prophylaxis regimen. Few had ATG exposure (4% in R>D and 3% in D>R) and these patients were excluded. Since exposure to CMV increases with age, the D>R group was more likely to be donor positive/ patient negative (14% vs. 8%) and less likely to be donor negative/patient positive (12% vs. 20%) than the R>D group.
After finding that patient age interacted with birth order, patient age was divided into 3 groups to reduce model complexity: children (older than 2 years but less than 10 years; 8%), adolescents (10 or older but less than 20 years; 15%), and adults (≥ 20 years; 77%) (table 2). Children who are 2 years or younger were excluded because in this subgroup no recipients older than donors could be identified.
Children (older than 2 years but less than 10 years)
For children, the R>D group had a lower incidence of both acute GvHD (aGvHD) II-IV°( RR 0.68, 95% CI: 0.53-0.86, p=0.0015, adjusted for GvHD prophylaxis; figure 1) and chronic GvHD (cGvHD, RR 0.49, 95% CI: 0.33-0.73, p=0.0005, adjusted for graft type and performance score; figure 2). Other clinical covariates were not statistically associated with GvHD. When the analysis was limited to extensive chronic GVHD (excluding limited presentation), the incidence remained lower in the R>D group (RR 0.51, p=0.02). The distribution of organ involvement in the children was 26% skin, 12% liver, 13% GI in the R>D group. The distribution in the D>R group was 36% skin, 14% liver, 20% GI.
Adolescents (at least 10 years, but less than 20 years)
In adolescents, the R>D group had a lower incidence of cGvHD (RR 0.67, 95% CI: 0.56-0.81, p=<0.0001, adjusted for GvHD prophylaxis, graft type, race, sex match, year of transplant; figure 3 ). Results were similar when the analysis was limited to extensive cGvHD.
Adults (20 years and older)
Birth order was not predictive of aGvHD or cGvHD in adults.
Because of the concern that either patient or donor age 17 rather than birth order accounted for these findings, separate models were created to test whether patient or donor age per se were associated with aGvHD or cGvHD in the child or adolescent groups. Neither patient nor donor age was found to predict GvHD in multivariate models, nor was the age difference between patient and donor predictive of GvHD. Finally, no significant differences between the R>D and the D>R group were found for overall survival, leukemia-free survival, non-relapse mortality or relapse in any age group.
Further, several pre-specified subset analyses were conducted based on prior published literature. In patients with an early stage myeloid disease receiving a T-cell replete peripheral blood stem cell graft (PBSC), no association of birth order and OS, DFS or NRM in the myeloablative or non-myeloablative groups could be observed (data not shown).
Discussion
The aim of this study was to evaluate a possible effect of donor birth order on incidence of graft-versus-host-disease, relapse and overall survival in hematological malignancies in a very large patient cohort. We found a birth order effect on GvHD incidence in HLAidentical sibling SCT that depends on patient age. Our results showed a reduced aGvHD incidence, consistent with previous findings from a Swiss single-center analysis of 311 patients which found less aGvHD irrespective of patient age, although that study also reported an association with OS and relapse incidence. 3 In contrast to hematologic malignancies, the impact of birth order on OS could not be reproduced in aplastic anemia patients, 18 but a graft-versus-leukemia effect is not needed for a successful allogeneic SCT for this diagnosis.
Feto-maternal and materno-fetal cell trafficking and persistence are believed to result in at least transient microchimerism with either sensitization or tolerance, [19] [20] [21] and the donor-age dependency of these effects may correspond to microchimerism and immunmodulation disappearing over time. In some individuals, fetomaternal trafficking effects may last until adulthood with HLA-disparate maternal cells persisting in immunocompetent offspring into adult life. 22 In multiparous female blood donors, minor histocompatibility-antigen-specific cytotoxic T-cells can be detected in peripheral blood mononuclear cells, presumably due to exposure to the minor histocompatibility antigen during pregnancy, up to 22 years after delivery. 10 Maternal cells can cross the placenta to reside in fetal lymph nodes with development of CD4+CD25 high Fox P3+ Tregs that suppress fetal anti-maternal immunity and persist at least until early adulthood. 20, 21 Undoubtedly, it would have been very interesting to analyze the influence of the parity of the mother. However, in a large registry study these data are not available and might also be difficult to evaluate as miscarriage, half-siblings, and abortion might have an influence on a potential microchimerism effect but be incompletely recorded in the maternal past medical history.
Further, male DNA can be detected in growth factor mobilized peripheral blood mononuclear cells and CD34-enriched apheresis products from female donors. 23 Very recently, Dierselhuis et al. have been able to demonstrate the presence of functional HYspecific cytotoxic T-cells and male microchimerism in female umbilical cord blood. 24 This finding can be interpreted as a strong indicative for the existence of a cell flow between siblings via the mother. 24 We could not confirm an association between donor birth order and relapse or survival in sibling transplant recipients in our cohort, nor did we find any association of donor birth order with the incidence of GvHD in adult transplant recipients. Differences between the current results and previous studies could be due to center-dependent strategies, such as increased use of peripheral stem cells, 25 and the use of ATG 3, 4 or different GvHD prophylaxis approaches, which may modulate the clinical effects of birth order in HLAidentical sibling-SCT, [19] [20] [21] although we adjusted for these factors if they were statistically associated with GvHD. The CIBMTR population is more ethnically diverse than previously studied single center populations, which might result in different prognostic genetic markers associated with microchimerism, for example HLA, which could mask any birth order effect. A major strength of this study is the very large sample size of over 10,000 transplant pairs and ability to adjust for other important clinical variables which could potentially confound the post-transplant outcomes of interest.
Our results might be of particular interest for the pediatric setting since cGvHD is the primary cause of late morbidity and NRM in long-term transplant survivors. 26 As it is impossible to perform prospective clinical trials with sufficient power to definitely address the impact of birth order in HLA-identical sibling SCT, our observational data suggest that an HLA-identical sibling donor younger than the pediatric or adolescent patient may be superior to an older one if equally matched for all other established parameters relevant for donor choice. The advantage for the recipient may balance other concerns that usually favour an older sibling, such as larger size, understanding of the procedure, and a better ability to participate in the assent process. Lower incidence of aGvHD II-IV° in children (2-9 years old) when the donor is younger than the patient. Lower incidence of chronic GvHD in children (2-9 years old) when the donor is younger than the patient. Lower incidence of chronic GvHD in adolescents (10-19 years old) when the donor is younger than the patient. 
